Context. There have been conflicting results with respect to the extent that radial migration has played in the evolution of the Galaxy. Additionally, observations of the solar neighborhood have shown evidence of a merger in the past history of the Milky Way that drives enhanced radial migration. Aims. We attempt to determine the relative fraction of stars that have undergone significant radial migration by studying the orbital properties of metal-rich ([Fe/H]> 0.1) stars within 2 kpc of the Sun. We also aim to investigate the kinematic properties, such as velocity dispersion and orbital parameters, of stellar populations near the sun as a function of [Mg/Fe] and [Fe/H], which could show evidence of a major merger in the past history of the Milky Way. Methods. We used a sample of more than 3,000 stars selected from the fourth internal data release of the Gaia-ESO Survey. We used the stellar parameters from the Gaia-ESO Survey along with proper motions from PPMXL to determine distances, kinematics, and orbital properties for these stars to analyze the chemodynamic properties of stellar populations near the Sun. Conclusions. While our results cannot constrain how far stars have migrated, we propose that migration processes are likely to have played an important role in the evolution of the Milky Way, with metal-rich stars migrating from the inner disk toward to solar neighborhood and past mergers potentially driving enhanced migration of older stellar populations in the disk.
Introduction
With the ability to resolve individual stars and stellar populations, the Milky Way is an ideal test bed for models of chemical and galaxy evolution. In particular, the chemical and kinematic properties of different stellar populations can hold key insights into the role past mergers or secular processes such as migration have had on the evolution of the Milky Way and galaxies in general. Large-scale systematic surveys of the Milky Way from several groups, such as SEGUE (Yanny et al. 2009 ), RAVE (Steinmetz et al. 2006) , APOGEE (Majewski et al. 2015) , HERMES-GALAH (Freeman 2010) , and Gaia-ESO (Gilmore et al. 2012) , are currently underway to determine the stellar structure of the Galaxy. The relative importance of various secular processes such as blurring and radial migration in galaxy evolution is a crucial matter of debate (e.g., Sellwood & Binney 2002; Schönrich & Binney 2009; Haywood et al. 2016) . To disentangle the proposed scenarios, the study of Galactic disk stellar populations can provide important constraints through the analysis of chemodynamical correlations.
The study of stellar populations within the Milky Way has led to key insights into its structure. The thick disk was discovered as an overdensity of stars in the solar neighborhood at large heights above the plane (Gilmore & Reid 1983) . The thick disk has been observed to be enhanced in α elements and is distinct in the [α/Fe] versus [Fe/H] plane (e.g., Fuhrmann 1998; Bensby et al. 2003; Reddy et al. 2006; Lee et al. 2011; Recio-Blanco et al. 2014) . A relation between the α abundance and the age of a star has been observed in α-enhanced populations in the solar neighborhood (Haywood et al. 2013) , where older stars are significantly α-enhanced compared to younger stars. The thick disk was initially thought of as only metal poor, but more recent observations have shown that this disk extends to much higher metallicities, potentially up to super-solar abundances (e.g., Bensby et al. 2007; Adibekyan et al. 2012) , although the separation between the thin and thick disk is not entirely clear (e.g., Adibekyan et al. 2012; Bensby et al. 2014; Hayden et al. 2015) . The eccentricities of the thick disk populations are highest for more metal-poor thick disk stars, and the median eccentricity gradually decreases as metallicity increases (Recio-Blanco et al. 2014 ).
The structure of the disk has evolved with time, as secular processes such as radial mixing have caused stars to stray significantly from their birth radii. There are two main mechanisms that contribute to radial mixing: blurring and migration (churning). Blurring is the epicyclic motion of stars from their birth radii because they are on eccentric orbits, but the angular momentum of their original orbit is unchanged with time. Radial migration is when the angular momentum of a star is changed due to interactions with transient spiral arms or the Galactic bar, causing A&A proofs: manuscript no. msfinal the star to move to smaller or larger galactic radii depending on the change in momentum. This mechanism can transport stars from the inner and outer disk to the solar neighborhood while preserving the eccentricity of the orbit. The relative magnitude of blurring and migration on the evolution of the Milky Way is not currently well understood, with many contradictory results (see, e.g., Sellwood & Binney 2002; Schönrich & Binney 2009; Loebman et al. 2011; Minchev et al. 2013; Haywood et al. 2013 Haywood et al. , 2016 Loebman et al. 2016 . The presence of extremely metalrich stars ([Fe/H]> 0.1) in the solar neighborhood is a key signature of radial mixing. The interstellar medium (ISM) of the solar neighborhood is ∼solar, so metal-rich stars observed in the solar neighborhood likely did not form here. These populations must have arrived through blurring or migration. Kordopatis et al. (2015) find that the bulk of the super-solar metallicity stars in the solar neighborhood have eccentricities less than 0.15, or are on roughly circular orbits. This makes migration an attractive option for how these stellar populations arrived in the solar neighborhood, as the difference between peri-and apogalacticon is not dramatic for these orbits.
Mergers also have the ability to reshape the disk or enhance radial mixing (e.g., Bird et al. 2012; Widrow et al. 2012; Minchev et al. 2014) . Mergers or satellite flybys can induce bending waves in the disk (Widrow et al. 2012) . These bending waves can drive blurring of stellar populations (Bird et al. 2012) . However, mergers and satellite interactions can also drive or enhance spiral structures in the disk of the primary halo, causing increased radial migration (Minchev et al. 2014) . The impact of mergers tends to be largest in the outer disks of galaxies, as the potential is lower than in the inner parts of the disk. However, the final state of the structure of the disk after a merger depends on the mass ratio, gas fraction, velocity, and inclination (e.g., Hopkins et al. 2008; D'Onghia et al. 2015) . It is possible that some kinematic signatures of the past merger history of the Milky Way can be observed in the disk today.
Recent studies of the thick disk in the solar neighborhood have revealed clues about the merger history of the Milky Way (Minchev et al. 2014 ). Using observations taken from RAVE, Minchev et al. (2014) have found that the velocity dispersion is lower for the most α-enhanced (oldest thick disk stars; see Haywood et al. 2013) populations, which runs counter to the idea that secular processes increase the velocity dispersion of a stellar population over time. These authors have claimed that these observations are consistent with a merger early on in the history of the Milky Way and that this merger leads to enhanced migration, which predominately affects the kinematically coolest stellar populations. A merger in a chemodynamic simulation from Minchev et al. (2013) also shows the same signatures on the observed velocity dispersion in the solar neighborhood. This merger has a 1:5 mass ratio and occurs at z∼ 2 with low inclination and causes spiral structures to form in the disk. These merger-enduced spiral structures drive enhanced migration throughout the disk. This result was also observed in Guiglion et al. (2015) with observations taken from the second internal data release of the Gaia-ESO survey, although the signal was less obvious in the Gaia-ESO observations compared to RAVE.
We use observations taken from the fourth internal data release (iDR4) of the Gaia-ESO survey to shed new light on the potential impact of radial migration and mergers on the evolution of the Milky Way through characterizing the chemodynamic structure of the nearby disk. The Gaia-ESO spectroscopic survey provides precision chemical abundances for a large sample of stars throughout the Milky Way disk, which when combined with proper motions from PPMXL (Roeser et al. 2010 ) provide one of the best pictures of the chemodynamic structure of the nearby disk. This paper is organized as follows. In Section 2 we describe the Gaia-ESO data set, in Section 3 we present our results on the velocity dispersion and orbital characteristics for this sample, and in Section 4 we discuss the implications of our results on the evolutionary history of the Milky Way.
Data and sample selection
Data are taken from the fourth internal data release (iDR4) of the Gaia-ESO survey (Gilmore et al. 2012) . We select main sequence stars (log g > 3.8) that are observed with the HR10 (5339−5619Å, R ∼ 19800) and H21 (8484−9001Å, R ∼ 16200) GIRAFFE setups with reliable stellar parameters, radial velocities, and PPMXL proper motions (Roeser et al. 2010) . Stellar parameters are determined using an average between several different methods, i.e., SME (Piskunov & Valenti 2016) , Ferre (Allende , and Matisse (Recio-Blanco et al. 2006) . Stars are required to have a minimum signal-to-noise ratio of 20, along with errors in stellar parameters less than
The quoted errors in the stellar parameters are the dispersion of the measurements of the methods mentioned above. For our sample of 3,998 stars, we use Mg as our measurement for the α abundance of a star, as the separation between high-and low-α populations is most obvious with Mg compared to the other α elements.
Distances
Distances were computed for the entire iDR4 sample with methods similar to those employed by Kordopatis et al. (2011) and Recio-Blanco et al. (2014) . In this method, the distance was computed by comparing the observed stellar parameters (T eff , log g, [Fe/H], and apparent magnitude) to PARSEC isochrones (Bressan et al. 2012) . The isochrones span a range of metallicities from -2.5 to +0.6 in steps of 0.1 dex in [Fe/H] and ages from log τ = 8 to log τ = 10.10 in steps of τ = 0.05 dex. The isochrones use a Chabrier IMF (Chabrier 2003 ) and we assume a constant star formation history to determine the luminosity function. Isochrone grid points within 2σ of the observational errors are used and weighted according to the errors in the individual stellar parameters and luminosity function. Errors in the distances were computed using 1000 Monte Carlo (MC) runs using the observational uncertainties for each star.
M. Hayden and Collaborators: Churning Through the Milky Way Table 1 . Number of stars in iDR4 in each stellar subsample.
Stellar sample N Stars
σ V z 2632 σ V r 2613 σ V φ 2851 [Fe/H] > 0.1 198 [Fe/H] > 0.1,R p > 7 kpc 51 [Fe/H] > 0.25 36 [Fe/H] > 0.25,R p > 7 kpc 7
Velocities and orbits
Space velocities were computed using the equations as described in the Appendix of Williams et al. (2013) . We assumed a solar motion relative to the local standard of rest of (8. 5, 13.38, 6.49 Coşkunoglu et al. 2011 ) and a circular velocity of V c = 220 km s
. Errors in the velocity were determined using 1,000 MC runs of the distance and proper motion errors. For each velocity component, we keep only stars with errors σ v i < 25 km s
, so there are different numbers of stars in each velocity subsample as shown in Table 2 .2. We have roughly double the number of stars in each subsample compared to the analysis by Guiglion et al. (2015) in iDR2. The velocity dispersion for each subsample is measured using the maximum likelihood method described in Guiglion et al. (2015) .
where σ i is the velocity dispersion, µ is the average velocity, v i is the velocity of a given star, and ev i is the error in the velocity. We minimize the log-likelihood Λ ≡ 2 ln L by solving, where the partial derivatives of Λ are zero, i.e., δΛ δµ and
see also Godwin & Lynden-Bell (1987) ; Pryor & Meylan (1993) .
We computed orbits for a smaller subset of 2,364 stars, which had reliable measurements (σ i < 30km s ) in all velocity components. Because reliable measurements are needed in all the velocity components, we slightly relaxed the uncertainties in the velocity to 30 km s −1 for the orbital measurements to ensure a robust sample size. The orbits were computed with Galpy (Bovy 2015) using a Milky Way potential consisting of a bulge, disk, and NFW halo (Navarro et al. 1997 ; the default MWPotential2014 from Galpy, see Bovy 2015 for details). Errors in the orbital parameters were determined using 1000 MC runs.
Results

Velocity distributions
We measured the velocity dispersion as a function of [Mg/Fe] abundance and metallicity in bins of 0.08 dex in [Mg/Fe] and a range of metallicities between −1.0 < [Fe/H] < 0.5 as noted in Fig. 1 . We used only those [Mg/Fe] and [Fe/H] bins with at least 20 stars and removed the largest velocity outliers from the sample (more than 2σ from the median velocity). Errors in the velocity dispersion measurements were determined via bootstrapping.
We find that the vertical velocity dispersion V z increases linearly with increasing [Mg/Fe]-enhancement for most of the stellar populations in our sample and indeed for the bulk sample, as shown in Fig. 2 for these stars. Additionally, there is a general trend of having a turnover for many of the most [Mg/Fe]-rich bins at all metallicities in the different components or at least a reversal of the increasing velocity dispersion trend with [Mg/Fe] . The trends in all components are similar to those observed with earlier Gaia-ESO observations from Guiglion et al. (2015) and the global trends found there are observed in the newest data set.
We examined the median velocities of the different components to see if there are any significant trends present in the iDR4 dataset. Errors in the median velocities were determined with bootstrapping. We find that the median velocity of the radial and tangential components scatter around zero, regardless of [Fe/H] and [Mg/Fe] . However, we find clear differences in the rotational velocity component at different metallicities and [Mg/Fe] abundances as shown in Fig. 3 , which has been observed previously (e.g., Lee et al. 2011; Recio-Blanco et al. 2014; Guiglion et al. 2015) . There is significant asymmetric drift observed in our populations, in which the higher- 
Orbital characteristics
As described in Section 2.2, we calculated different orbital properties for a smaller subset of stars with precise measurements in all three kinematic components. The eccentricity distribution for the thick disk has been previously observed to have a strong dependence on metallicity (Recio-Blanco et al. 2014). We mea- sured the median eccentricity of the thick disk (red stars in Fig.  1 ) as a function of metallicity, as shown in Fig. 4 . For these high-[Mg/Fe] populations, eccentricity decreases fairly consistently with metallicity, starting at ∼ 0.35 for the most metal-poor thick disk stars and gradually decreasing to ∼ 0.2 for the more metal-rich thick disk populations. To check for possible observational biases, such as sampling stars at different distances from the midplane, we also plot the median height above the plane for the thick disk stars. We find that it does not change appreciably with metallicity. The median height above the plane is between 400 and 600 pc across the metallicity space shown in Fig. 4 , so the eccentricity trend in the thick disk populations is not due to dramatic changes in distance from the plane for our sample as a function of [Fe/H] .
We also examine in all metallicities. Of particular interest is the eccentricity distribution for the highest [Mg/Fe] populations in each metallicity bin to further test the hypothesis of a past merger driving enhanced migration. We find that for many of the metallicity bins, the median eccentricity decreases for the highest [Mg/Fe] stars of the same metallicity, although this is within the errors of our measurements.
We finally examined the distribution of perigalacticons for these same metal-poor populations in Fig. 6 . The lowest [Mg/Fe] stars have perigalacticons peaked in the solar neighborhood, matching their roughly circular orbital distribution closely. This is in stark contrast to the higher [Mg/Fe] stars, with many stars reaching the inner disk and having median perigalacticons R p < 5 kpc. We also observe what appears to be a discontinuity between the thin and thick disk in the perigalacticon distribution, with a large decrease in perigalacticon in the transition between thin and thick disk populations (0.1 < α < 0.2).
Radial migration
We used stars with high metallicities ([Fe/H]>0.1) to get a lower limit on the fraction of stars that have undergone radial migration. These stars have metallicities higher than the local ISM (∼solar), which have likely undergone some form of radial mixing to be observed in the extended solar neighborhood. We find that half of the metal-rich stars have eccentricities e < 0.2 or are on roughly circular orbits, as shown in the left panel of Fig. 7 . Furthermore, one-quarter of the metal-rich stars have perigalacticons R p > 7 kpc (right panel, Fig. 7 ). For these stars, migration is likely an important process, as their orbits do not reach the radii at which they were likely to be born based on their high metallicities. For example, a star with [Fe/H]∼ 0.2 likely formed inside ∼ 5 − 6 kpc. The fraction of stars with R p > 7 kpc is relatively consistent for stars with significantly super-solar metallicities ([Fe/H]> 0.25), as noted in Table 2 .1. This implies that this result is not due to the effects of the radial gradient; i.e., we are not simply observing the most metal-rich stars forming in situ at R ∼ 7 kpc (ISM metallicity ∼0.1), as the the relative fraction of metal-rich stars with R p > 7 kpc is roughly constant even with extremely strict definitions of metal-rich populations.
Discussion
Our results for the distribution of eccentricities of stars that are likely to be members of the thick disk stellar populations (red stars in Fig. 1 ) in iDR4 are similar to those of past GES data releases (Recio-Blanco et al. 2014 ), but with a large increase in sample size. We find that the orbital eccentricity of the thick disk decreases as a function of metallicity, as observed previously by Recio-Blanco et al. (2014) . The median eccentricity is very large for the most metal-poor thick disk populations, ∼ 0.35 and gradually decreases to eccentricities that approach the thin disk distribution with median eccentricities of ∼ 0.2 for the more metalrich ([Fe/H] larger than solar) thick disk stars. This highlights the potential danger of using kinematics to attempt to separate the thin and thick disk because the kinematics for the thick disk is a strong function of metallicity and appears similar to thin disk populations for the more metal-rich portion of the thick disk.
The RAVE observations show a clear decrease in velocity dispersion for the highest [Mg/Fe] metal-poor populations (Minchev et al. 2014) in all velocity components. This decrease is also seen in simulations from Minchev et al. (2013) and is caused by a merger event early in the simulation (z ∼ 2−3). In the simulation, the merger drives enhanced radial migration, which preferentially affects the kinematically coolest populations (see, e.g., Solway et al. 2012; Vera-Ciro et al. 2014) . This causes large numbers of kinematically cooler stars from the inner disk to migrate to larger radii, which is then observed as a decrease in velocity dispersion for the older, higher [Mg/Fe] stellar populations. This signature is observed both in the simulation and solar neighborhood with RAVE. Further, this enhanced migration of kinematically cooler populations causes an increase in the observed rotational velocity of the highest [Mg/Fe] stars, which also translates to stars having slightly less eccentric orbits and larger perigalacticons. Observations from the GES survey for this result are less obvious, as the dip in velocity dispersions is much less significant in the iDR4 observations compared to RAVE. The velocity dispersion decreases by ∼ 10 km s
for the most metal-poor, alpharich populations in the vertical and radial components, but not the rotational component. This behavior was found previously in GES by Guiglion et al. (2015) and the increased sample size of iDR4 only slightly alleviates this issue. It is possible this is due to sampling issues; GES is focused on stars away from the midplane, where the vertical velocities are close to their minimum values. This is also observed in the SEGUE results presented by Minchev et al. (2014) , which is also focused above the midplane, where the most metal-poor populations show a much smaller decrease in vertical velocity dispersion compared to the RAVE results and also show no reversal in the rotational velocity dispersion, similar to GES observations. The only major difference compared to the iDR2 results from Guiglion et al. (2015) is a slightly higher radial velocity dispersion for low-[Mg/Fe] populations, which is caused by the addition of giants and other more distant stars with larger systematic velocity uncertainties in the iDR2 results compared to the iDR4 results presented here. Qualitatively, the results between DR2 and iDR4 agree very well.
The largest potential source of tension for enhanced migration driven by a merger is the orbital properties for the metalpoor populations. The [Mg/Fe]-poor populations make up the thin disk and have fairly circular orbits with eccentricities of e ∼ 0.15. This is in contrast to the [Mg/Fe]-enhanced populations, which show larger eccentricities on average that are more similar to those of the thick disk stars in Fig. 4 . However, migration can occur even for kinematically hot populations because it is simply more efficient for those with cool kinematics (e.g., Vera-Ciro et al. 2014 Stars with [Fe/H]> 0.1 are significantly metal-enhanced compared to the local ISM, which is ∼solar metallicity. It is therefore likely that these stars did not form in the solar neighborhood, but are observed here due to secular processes such as blurring or migration. The relative importance of secular processes is currently a matter of ongoing debate. We used the metal-rich populations observed in GES to attempt to constrain the fraction of stars that have likely undergone significant radial migration. The orbital eccentricity is a useful quantity to estimate the relative importance of these processes on this metalrich population and potentially the Milky Way as a whole. We find that at least one-fifth of these stars are likely to have undergone radial migration. This is a lower limit; it is possible that the fraction of migrated stars is (much) larger. However, we can only say for certain that slightly more than 20% of the metalrich population do not reach the orbital radii at which they were likely born.
We have no direct measure of the distance these stars have migrated. The radial gradient for the bulk stellar populations in the inner Galaxy appears to be fairly flat (Hayden et al. 2014) . Moreover, the MDF is strongly peaked at high metallicities both in the very inner disk (3 < R < 5 kpc) and also at larger radii (5 < R < 7 kpc, Hayden et al. 2015) . It is therefore not required that many of the metal-rich stars are likely to have migrated to travel extremely large distances; it is possible that these stars migrated only 1 or 2 kpc to their present locations. In this sense, our results are not necessarily in conflict with those of Haywood et al. (2016); , who argue that no large-scale migration of stellar populations of many kiloparsecs has occurred in the Milky Way.
Conclusions
We analyzed the chemical and kinematic properties of stars in the iDR4 release of the GES to look for evidence for past mergers and the relative fraction of stars that might have undergone radial migration. We find that the eccentricities of thick disk stars decrease as metallicities increase and that the most metal-rich stars have eccentricities similar to those of the thin disk. We find that observations in iDR4 are not inconsistent with previous results from RAVE showing a decrease in velocity disper-sion for the highest [Mg/Fe] (oldest) stellar populations, potentially caused by a merger that drives enhanced radial migration. However, these results are less obvious in the iDR4 observations. We also find that 20% of very metal-rich ([Fe/H]> 0.1) stars have perigalacticons larger than 7 kpc, meaning their orbits never reach the inner Galaxy where they had to have formed. These stars are likely to have migrated from their original birth radii to their present location in the extended solar neighborhood.
There has been much debate about the relative impact of radial migration and blurring on the structure and evolution of the Milky Way. Our observations from the GES survey have shown that a large numbers of stars are likely to have undergone migration of some kind. We note that our results cannot constrain the distance migrated, and merely that these stars never reach radii at which they likely formed based on their metallicities. We do not constrain how far the stars have migrated; it is possible that many of these stars only have to migrate 1 or 2 kpc to reach their present orbits. We merely find that migration is needed to explain the presence of very metal-rich stars in the solar neighborhood that have circular orbits.
Our results show the power that large-scale surveys and precision kinematic measurements have to unravel the past history of the Galaxy. With the upcoming data releases from Gaia (Brown et al. 2016) , proper motions and parallax measurements will be available for millions of stars throughout the Milky Way. The sample size and accuracy of the measurements used in this paper can be improved by an order of magnitude with these observations and further aid our ability to discover the past history of the Milky Way. In addition, improvements in models and simulations will provide additional points of comparison with observations. Our observations provide only a lower limit on the fraction of stars that undergo migration and cannot constrain the radial extent that stars have migrated. Models and simulations are key to providing additional insight into the evolution of the Galaxy, such as those developed by Minchev et al. (2013) .
